Transition probabilities and oscillator strengths for electric dipole radiation in triply ionized praseodymium are reported for the first time in this paper. They were computed using a semi-empirical relativistic Hartree-Fock approach including core-polarization effects. Due to the lack of experimental data in the Pr IV spectrum, the accuracy of our results is estimated and discussed on the basis of comparisons between calculations performed with a similar physical model and laboratory measurements previously published for the isoelectronic ion Ce 2+ . In view of their great interest in optical materials and nanophotonics, radiative rates for forbidden lines within the 4f 2 ground-state configuration of Pr 3+ were also calculated in our work.
Introduction
Because of their unique photophysical properties, in particular with respect to the generation and amplification of light, triply ionized lanthanide elements hold a special place in photonics. The luminescence of these ions in compounds has been widely studied and has found applications in many scientific domains such as the lighting industry, laser physics, optical telecommunications, molecular biology, medical diagnostics, etc (see e.g. Hemmilä 1995 , Wybourne 2004 , Hasegawa et al 2004 , Dossing 2005 .
This luminescence is the result of the competition of radiative and non-radiative relaxation processes of electronically excited states in lanthanide ions that are characterized by a multitude of energy levels particularly because of the unfilled 4f orbital. Understanding the light emission from triply ionized lanthanides therefore requires reliable information about their atomic structure and radiative parameters. However, our knowledge of the spectra corresponding to these ions is still very fragmentary, most of the experimentally identified energy levels being listed in the tables of the National Institute of Standards and Technology (NIST, see Kramida et al 2012) which are entirely based on the compilation due to Martin et al (1978) . Recently, there has been a revival of the interest in triply ionized lanthanides, and several spectral analyses based on high-resolution vacuum ultraviolet observations have been completed. Among the spectra considered, let us mention, e.g. Nd IV (Wyart et al 2006 , Tm IV and Yb IV (Wyart et al 2001) . Theoretical investigations of 4f k groundstate configurations in Pr IV (k = 2) and Nd IV (k = 3) have also been carried out by Wyart et al (2008) .
Concerning the radiative properties of triply ionized lanthanides, the investigations performed so far were focused on a rather limited number of electric dipole transitions in La IV (Biémont et al 2009) , Ce IV (Migdalek and Baylis 1979 , Migdalek and Wyrozumska 1987 , Glushkov 1992 , Zhang et al 2001c , Savukov et al 2003 , Pr IV (Sen and Puri 1989 , Stanek and Migdalek 2004 , Wyart et al 2005 , Nd IV, Pm IV, Sm IV, Eu IV, Gd IV (Dzuba et al 2003) , Yb IV (Wyart et al 2001) and Lu IV Tuchkin 2001, Anisimova et al 2001) . Very recently, theoretical emission rates and oscillator strengths were published by Dodson and Zia (2012) for some magnetic dipole and electric quadrupole transitions within the 4f k (k = 1-13) configurations along the triply ionized lanthanide series from Ce IV to Yb IV.
In this work, the relativistic Hartree-Fock (HFR) approach, including core-polarization (CPOL) effects, has been used to estimate the radiative decay rates in Pr IV. The excellent agreement between experimental lifetime measurements and theoretical results obtained for the isoelectronic ion Ce 2+ (see Biémont et al 2002) when using a similar HFR model allowed us to assess the reliability of the new set of transition probabilities. These calculations in Pr IV are an extension of our previous investigations of the triply charged lanthanide ions La IV (Biémont et al 2009), Ce IV (Zhang et al 2001c) and Yb IV (Wyart et al 2001) . Due to their particular interest in optical physics and nanophotonics, the radiative parameters corresponding to forbidden transitions within the 4f 2 ground-state configuration of Pr IV were also computed in our work and compared to available theoretical data.
Level structure of Pr IV
The ground state of Pr IV is [Xe]4f 2 3 H 4 . All of the term energies experimentally deduced so far are listed in the NIST compilation (Martin et al 1978) which contains 88 levels identified as belonging to the 4f 2 , 4f5f, 4f6p, 5d 2 even configurations and to the 4f5d, 4f6d, 4f6s, 4f7s, 5d6p odd configurations. This critical compilation was essentially based on the works of Sugar (1965 Sugar ( , 1971a and Crosswhite et al (1965) who observed the Pr IV spectrum emitted by sliding-spark discharges and reported line lists covering the wavelength region from 69.1 to 302.1 nm. The level compositions in the 4f 2 configuration were taken from the theoretical analysis of Goldschmidt (1968) later refined to include additional magnetic interactions by Goldschmidt et al (1968) and Pasternak (1970) . Theoretical percentages for levels of the 4f6s, 4f5d, 4f6d, 4f6p and 4f5f configurations were taken from Sugar (1965 Sugar ( , 1971a supplemented by some of his unpublished results (Sugar 1971b) .
More recently, a theoretical study of the 4f 2 ground-state configuration in Pr IV was published by Wyart et al (2008) who performed a parametric fit of level energies, taking into account the Coulomb and spin-dependent interactions beyond the first order of perturbation. In this study, an excellent agreement between theoretical and experimental energies was observed, the root-mean square deviation being found equal to only 1.29 cm −1 for the 12 known levels within the 4f 2 configuration. This excellent agreement allowed the authors to predict an energy value of 48 044.66 cm −1 with a good accuracy for the one remaining unknown level in 4f 2 , i.e. 1 S 0 .
Radiative parameter calculations
Pr 3+ ion is a Ba-like atomic system with two valence electrons surrounding a Xe-like core. As a consequence, intravalence and core-valence interactions should be both taken into account for calculating the atomic structure. In addition, relativistic effects must normally play an important role. A method which has appeared as a suitable compromise between a gratifying accuracy of the results (tested by comparison with accurate laser lifetime measurements), the moderate complexity of the codes used and the ability to obtain many new results in a limited CPU time, is the pseudo-relativistic Hartree-Fock (HFR) technique as described by Cowan (1981) , but modified by us for the inclusion of CPOL effects. In this approach (HFR + CPOL), most of the intravalence correlation is represented within a configuration interaction scheme, while the core-valence correlation is described by a CPOL model potential and a correction to the dipole operator depending upon two parameters, i.e. the dipole polarizability of the ionic core, α d , and the cut-off radius, r c (for details see e.g. Quinet et al 1999) . Although based on the Schrödinger equation, this method takes the most important relativistic effects, such as the mass-velocity contribution and the Darwin term, into account.
The physical HFR + CPOL model used for Pr IV was exactly the same as the one described in our previous paper related to the isoelectronic ion Ce III (Biémont et al 2002) . In this model, the intravalence correlation was explicitly retained among the following configurations : 4f 2 + 4fnp (n = 6-7) + 5d 2 + 5dns (n = 6-7) + 6s 2 + 5d6d + 4fnf (n = 5-7) + 6p 2 for the even parity and 4fnd (n = 5-7) + 4fns (n = 6-8) + 5d6p + 4fng (n = 5-6) + 6s6p for the odd parity. CPOL effects were included using the dipole polarizability, α d , equal to 5.40 a 3 0 , as tabulated by Fraga et al (1976) for the Xe-like ionic core Pr 5+ , while the cut-off radius, r c , was chosen to be equal to 1.60 a 0 which corresponds to the expected value of r for the outermost core orbital (5p 6 ) as computed with Cowan's codes. However, as already mentioned in many previous papers on lowly ionized lanthanides (see e.g. Biémont et al 2001a, Li et al 2001) , the inadequacy of the analytical polarization corrections to the dipole operator as introduced in the HFR + CPOL model for transitions involving the 4f electrons imposes the consideration of a scaling factor to the 4f|r|nd and 4f|r|ng dipole operators in order to compensate for the sudden collapse of the 4f orbital inside the Xe-like core. In this work, those operators were scaled down by the same factor as the one used in the case of Ce III, i.e. 0.80 (Biémont et al 2002) . A similar approach was already successfully considered in many different ions of the lanthanide series, an excellent agreement (within a few per cent) between theoretical and experimental lifetimes having been found in Ce II and Yb IV (Wyart et al 2001) .
Using a least-squares fitting procedure (Cowan 1981) , average energies, Slater integrals, spin-orbit and effective interaction parameters were adjusted to obtain the best agreement between the calculated and the experimental energy levels taken from the NIST tables (Martin et al 1978) . All the values listed in this compilation were used in the fit process if we except the two 5d6p levels at 195 917.0 and 202 487.0 cm −1 . Note that the accurate predicted value obtained by Wyart et al (2008) for the 1 S 0 level of 4f 2 (E = 48 044.66 cm −1 ) was also used to obtain a complete set of parameters in this configuration. The radial parameters adopted in this work are given in table 1 (even parity) and table 2 (odd parity), while the energy levels computed with those parameters are compared with available experimental values in tables 3 and 4, respectively. As seen from these tables, the average deviations were found to be equal to 34 cm −1 for even-parity levels and to 95 cm −1 for odd-parity levels (which means 1/6000 and 1/2100 of the energy ranges, respectively). We also note that, for the 4f6p configuration, our parameters G 2 (4f,6p) and G 4 (4f,6p) differ by 20% from those deduced Martin et al (1978) . b LS composition in %. Only the first three main components larger than 5% are given.
in the semi-empirical parametric fit performed by Wyart et al (2005) . This is essentially due to the fact that the latter authors considered a much more limited set of configurations (4f 2 + 4f6p + 5p 5 4f 3 ) in their physical model.
Electric dipole transitions
Oscillator strengths (log gf ) and transition probabilities (gA) computed in this work are reported in table 5 for a sample of Pr IV lines between 118 and 302 nm. This sample is limited to transitions involving the levels below 150 000 cm −1 for which log gf is greater than −2.0.
An argument for assessing the reliability of the present results can be obtained from isoelectronic comparisons, particularly from results obtained recently in Ce III (Biémont et al 2002) , the HFR + CPOL model adopted in this work being the same as that chosen for this isoelectronic ion. More precisely, radiative lifetimes of nine states in Ce III, in the energy range from 48 267 to 54 550 cm −1 , have been measured by Li et al (2000) using the time-resolved laser-induced fluorescence (LIF) technique. The comparison a Deduced from experimental levels (Martin et al 1978) . b Contributions larger than 1%. c Dodson and Zia (2012) .
of these accurate laboratory measurements with the HFR + CPOL calculations of Biémont et al (2002) has shown that the computed values were in excellent agreement (in all cases within the experimental error bars, i.e. 5%) with the experimental results. Consequently, a similar accuracy can also be expected for the radiative parameters obtained in Pr IV, at least for the most intense transitions. On the theoretical side, some data for electric dipole radiation in Pr IV were published by Sen and Puri (1989) and Stanek and Migdalek (2004) who limited their investigations to the 6s 2 1 S 0 -6s6p 1,3 P 1 transitions (not yet observed experimentally). When comparing our results for 1 S 0 -1 P 1 (log gf = 0.30) and 1 S 0 -3 P 1 (log gf = −2.21), we found a rather good agreement with those obtained by Stanek and Migdalek (2004) using a relativistic multiconfiguration Dirac-Fock with the CPOL model (log gf = 0.36 and −2.38, respectively), a larger discrepancy being observed with the local spin density result of Sen and Puri (1989) for the 1 S 0 -1 P 1 transition (log gf = 0.42). However, it is worth noting that the results presented by those authors were more of qualitative than quantitative character due to the very limited treatment of intravalence and core-valence correlations. Transition probabilities for some 4f5d-4f6p and 4f6s-4f6p lines in the Pr IV spectrum were also computed by Wyart et al (2005) using a semi-empirical HFR approach. Their values are reported in table 5 for comparison. We can see that our results agree with those from Wyart et al within a factor of 2 on average. The main reason for this discrepancy is of course related to the different physical models used, the one considered in our work (including a large set of interacting configurations plus CPOL effects) is much more extended than the calculation of Wyart et al carried out with a very limited number of configurations.
Forbidden transitions
Part of the unusual spectroscopic properties of triply ionized lanthanides results from the shielding of the 4f orbitals by the filled 5s 2 and 5p 6 sub-shells. Each of these elements has very characteristic emission lines in the visible and near infrared range due to 4f → 4f transitions. These transitions, forbidden by the electric dipole selection rules, result in very long lived excited states, with typical luminescence lifetimes on the micro-to millisecond timescale. These long lifetimes facilitate 'time-gated' emission experiments which lead to drastic improvement of signal-to-noise ratios compared with more traditional steady-state measurements by removing short lived emission and scattered excitation. For this reason, transition probabilities for magnetic dipole (M1) and electric quadrupole (E2) lines within the 4f 2 configuration of Pr IV were also calculated in this work.
Our results are presented in table 6 for lines with gAvalues greater than 0.01 s −1 . They are also compared, in the same table, with the data recently published by Dodson and Zia (2012) . These latter authors obtained emission rates for some M1 and E2 transitions in all triply ionized lanthanides using a detailed free ion Hamiltonian, including electrostatic and spin-orbit terms as well as two-body, three-body, spinspin, spin-other-orbit and electrostatically correlated spinorbit interactions. As observed in table 6, their results are generally in very good agreement (within a few per cent) with our transition probabilities if we except the 3 P-3 F, 1 G-3 P and 1 D-3 F electric quadrupole lines for which larger discrepancies are observed.
Conclusion
Oscillator strengths and transition probabilities for allowed and forbidden lines in triply ionized praseaodymium have been obtained using a pseudo-relativistic Hartree-Fock model including core-polarization effects. Due to the lack of experimental data in this ion, the reliability of the new radiative parameters for electric dipole lines has been discussed and assessed through the excellent agreement observed between similar calculations and accurate laser lifetime measurements performed in the isoelectronic ion Ce III. In the case of forbidden lines, our results have been found to be in good agreement with theoretical data recently published if we except a few electric quadrupole transitions.
